Aichi virus is the type species of a new genus, Kobuvirus, of the family Picornaviridae. In this study, we constructed a full-length cDNA clone of Aichi virus whose in vitro transcripts were infectious to Vero cells. During construction of the infectious cDNA clone, a novel sequence of 32 nucleotides was identified at the 5 end of the genome. Computer-assisted prediction of the secondary structure of the 5 end of the genome, including the novel sequence, suggested the formation of a stable stem-loop structure consisting of 42 nucleotides. The function of this stem-loop in virus replication was investigated using various site-directed mutants derived from the infectious cDNA clone. Our data indicated that correct folding of the stem-loop at the 5 end of the positive strand, but not at the 3 end of the negative strand, is critical for viral RNA replication. The primary sequence in the lower part of the stem was also suggested to be crucial for RNA replication. In contrast, nucleotide changes in the loop segment did not so severely reduce the efficiency of virus replication. A double mutant, in which both nucleotide stretches of the middle part of the stem were replaced by their complementary nucleotides, had efficient RNA replication and translation abilities but was unable to produce viruses. These results indicate that the stem-loop at the 5 end of the Aichi virus genome is an element involved in both viral RNA replication and production of infectious virus particles.
Aichi virus was first isolated in 1989 from a stool specimen from a patient with oyster-associated nonbacterial gastroenteritis in Aichi, Japan (42) . The complete genome sequence of this virus was determined, and the genome organization revealed that this virus is a member of the family Picornaviridae (45) . However, the deduced amino acid sequences of Aichi virus proteins exhibited only 15 to 36% homology to those of other picornaviruses, suggesting that Aichi virus belongs to a distinct genus from the previously identified six genera of Picornaviridae (45) . In 1999, this virus was classified into a new genus, Kobuvirus (18) , whose name is derived from the characteristic morphology of the virus particles (kobu means bump in Japanese). Sequence analysis of 519-base reverse transcription-PCR (RT-PCR) products corresponding to the 3C-3D junction for 17 isolates of Aichi virus revealed that these isolates could be divided into two groups with an approximately 90% sequence homology (46) .
Aichi virus has often been detected by enzyme-linked immunosorbent assay of stool specimens collected during oysterassociated gastroenteritis outbreaks in Japan. Between 1989 and 1991, 13 of 47 stool samples from adult patients in five of nine oyster-associated gastroenteritis outbreaks were positive for the Aichi virus antigen (44) . Aichi virus has also been isolated from Pakistani children with gastroenteritis and from Japanese travelers with gastroenteritis from Southeast Asia (43) . These findings suggest that this virus is widely distributed in Asia and that it is one of the causative agents of human gastroenteritis. A large-scale epidemiological survey is being performed to elucidate the impact of the virus worldwide.
In addition to the significance of Aichi virus as a possible human pathogen, a previous study demonstrated that this virus has some unique molecular features compared with other picornaviruses (45) . Most picornaviruses have four capsid proteins, VP1 to -4 (34) , and cleavage of a precursor protein VP0 into VP4 and VP2 occurs late in capsid assembly (14) . In contrast, VP0 of Aichi virus is present in mature particles without being cleaved into VP4 and VP2 (45) , as found in parechovirus (16, 36) . The functions of the 2A and L proteins are diverse among picornaviruses. It is known that some of them exhibit proteolytic activity. Protein 2A of entero-and rhinoviruses is a trypsin-like protease (5, 39) , and protein L of aphthovirus is a papain-like thiol protease (27, 31, 37) . Aphtho-and cardiovirus 2A mediate the cleavage at its C terminus (7, 33, 35) , and the autocatalytic motif NPGP is conserved at the cleavage site (7, 8) . Aichi virus L and 2A have neither protease motifs nor the autocatalytic motif, and their functions remain unknown (45) . Recently, it was reported that the 2A proteins of Aichi virus, as well as human parechoviruses and avian encephalomyelitis virus, have conserved motifs that are characteristic of a family of cellular proteins involved in the control of cell proliferation (15) .
In this study, as the first step for studying the molecular basis of the replication and pathogenicity of Aichi virus, we attempted to construct a full-length cDNA clone whose in vitro transcripts are infectious to cultured cells. During construction of the full-length cDNA clone, we identified a novel sequence of 32 nucleotides at the 5Ј end of the genome, and this finding enabled us to construct an infectious cDNA clone. The 5Ј end of the poliovirus genome is shown to be an element that is involved in the initiation of positive-strand RNA synthesis. The first approximately 90 nucleotides (nt) of the poliovirus RNA fold into a cloverleaf-like (CL) structure (3, 30) . The CL structure interacts with the viral protein 3CD
pro (2, 3, 13) and either of another viral protein 3AB (13, 40, 41) or a cellular protein, poly(rC)-binding protein (PCBP) (2, 3, 10, 24) , and this CL/ 3CD pro /PCBP or CL/3CD pro /3AB ribonucleoprotein (RNP) formation is essential to viral RNA replication. Unlike poliovirus, other enteroviruses, and rhinoviruses, the 5Ј-terminal sequences of the cardio-, aphtho-, hepato-, and parechovirus genomes fold into a stem-loop structure (6, 9, 11, 21, 28) . It has been reported that the 5Ј-end 150 nt of the hepatitis A virus (HAV) genome containing three stem-loop structures and a polypyrimidine-rich sequence interact with the viral proteins, 3C, 3AB, and 3ABC (19, 20) and the cellular protein, PCBP2 (12) . However, there has not been provided a direct evidence that the RNP formation at the 5Ј end of the genome is involved in HAV RNA replication.
Here, using the infectious cDNA clone, we carried out a mutational analysis of the 5Ј end of the Aichi virus genome. The computer-assisted prediction of the secondary structure of the 5Ј-terminal 120 nt, including the novel 32 nt of the viral genome, suggested the existence of three stem-loop structures (termed SL-A, SL-B, and SL-C). Both the secondary structure of the first stem-loop SL-A and the primary sequence of the bottom region of the stem of SL-A were found to be important for viral RNA replication. In addition, it was shown that SL-A plays an essential role in production of infectious virus particles.
MATERIALS AND METHODS
Cloning of the novel 5-end sequence of the Aichi virus genome. A standard Aichi virus strain, A846/88, was grown in Vero cells. The virion was purified by CsCl centrifugation as described previously (42) . RNA was extracted by proteinase K treatment, followed by phenol-chloroform extraction and ethanol precipitation. Direct sequencing of the virion RNA was performed using primers, AV-86M and AV-93M (complementary to nt 67 to 86 and 75 to 93 of the previously published sequence in the DDBJ, EMBL, and GenBank databases [accession number AB010145], respectively) and reverse transcriptase (Seikagaku Kogyo, Japan), as described elsewhere (38) . 5Ј-RACE was carried out using a 5Ј-RACE System for Rapid Amplification of cDNA Ends (Life Technologies, Inc.) according to the instructions of the manufacturer. Briefly, first-strand cDNA was synthesized at 50°C for 45 min using the GSP1 primer (complementary to nt 573 to 594 of the previously published sequence) and the virion RNA and then was tailed with dA or dT. Second-strand cDNA was synthesized using primer AP-dA (GGCCACGCGTCGACTAGTACTA 17 ) or primer AP-dT (GG CCACGCGTCGACTAGTACT 17 ). PCR was then performed with AP primer (GGCCACGCGTCGACTAGTACT) and GSP2 primer (complementary to nt 513 to 537 of the previously published sequence) using second-strand synthesis products as templates. The PCR products were ligated into pCRII-Topo (Invitrogen), and then clones were sequenced with an ABI PRIZM 310 genetic analyzer using a BigDye terminator cycle sequencing kit (Applied Biosystems) or a DYEnamic ET terminator cycle sequencing kit (Amersham Pharmacia Biotech).
Construction of full-length cDNA clones with a previously reported or the novel 5-end sequence. cDNA of the Aichi virus genome was synthesized by RT-PCR. To synthesize first-strand cDNA, 10 pmol of a primer and 50 ng of the genomic RNA were heated at 95°C for 2 min, chilled on ice, and then added to a reaction mixture (125 mM Tris-HCl [pH 8.3] , 125 mM KCl, 25 mM magnesium acetate, 25 mM dithiothreitol, 250 M of each deoxynucleoside triphosphate, and 10 U of avian myeloblastosis virus reverse transcriptase [Seikagaku Kogyo]), and then the mixture was incubated at 42°C for 50 min. A part of this RT reaction mixture was used for PCR. Five cDNA fragments corresponding to nt 1 to 1544, 1321 to 3803, 3524 to 5505, 5173 to 6784, and 6707 to 8251 (these nucleotide numbers refer to the sequence deposited previously in the DDBJ, EMBL, and GenBank databases) were amplified by PCR using primers sets T7AV1-1544M, 1321P-3803M, 3524P-5505M, 5173P-6784M, and 6707P-3ЈpolyA, respectively. The sequences of the primers were as follows: T7AV1, 5Ј-AAGATATCTAAT ACGACTCACTATAGGtcaccctctttcccggtg-3Ј, plus-strand sequence with T7 promoter (underlined) and GG, followed by the previously reported 5Ј-end sequence (lowercase); 1544M, 5Ј-GCTTCCGCGTGATGGCCTTGGA-3Ј, minus-strand sequence, nt 1523 to 1544; 1321P, 5Ј-TGGTCCCGTCTCATGCAC TCCG-3Ј, plus-strand sequence, nt 1321 to 1342; 3803M, 5Ј-GATCGTCGGGG TCCACATCGG-3Ј, minus-strand sequence, nt 3783 to 3803; 3524P, 5Ј-TACT TCGGATGGGAGGACTGGT-3Ј, plus-strand sequence, nt 3524 to 3545; 5505M, 5Ј-GCGGTGAAGTATTTAGATTGGGTTCC-3Ј, minus-strand sequence, nt 5480 to 5505; 5173P, 5Ј-CTTCGATGGGTACACGGGTCAA-3Ј, plus-strand sequence, nt 5173 to 5194; 6784M, 5Ј-TTTGAGGAAGAGCTGGG TGTCAAG-3Ј, minus-strand sequence, nt 6761 to 6784; 6707P, 5Ј-AAACAAC CCGCTCCCCTCAAG-3Ј, plus-strand sequence, nt 6707 to 6727; and 3ЈpolyA, 5Ј-GGAAGCTTT 38 GTAAGAACAGT-3Ј, minus-strand sequence, nt 8241 to 8251, with HindIII site (italic). The PCR products were ligated into the pCRIITopo vector or pGEM-T vector (Promega), and then the obtained clones were sequenced. When nucleotide differences were found between the previously published sequence and the sequences of the clones, another RT-PCR was performed and the sequences of the obtained clones were confirmed. Clones with the sequence that is shared by most of the clones sequenced were used for the construction of a full-length cDNA clone. A SacI (present in the vector sequence)-SmaI fragment containing the T7 promoter and nt 1 to 1354, an SmaI-SalI fragment corresponding to nt 1354 to 3614, an SalI-XhoI fragment (nt 3614 to 5300), a XhoI-PstI fragment (nt 5300 to 6743) and a PstI-HindIII fragment containing nt 6743 to 8251, and a poly(A) tract were ligated into the SacI-HindIII sites of pUC118. The generated plasmid, pAV-1, has the Aichi virus cDNA sequence with the 5Ј-end sequence published previously. A fulllength cDNA clone with the novel 5Ј-end sequence was constructed as follows. PCR was performed with the T7-5ЈF primer (TGTAATACGACTCACTATAG Gtttgaaaagggggtggggg), which has the T7 promoter sequence (underlined), followed by two guanosine residues and the novel 5Ј-end sequence (lowercase), and the GSP2 primer using a cDNA clone obtained by 5Ј-RACE as a template. The amplified fragment was ligated into pCRII-Topo, and then the sequences of the generated clones were confirmed. A clone with the accurate sequence was digested with EcoRI, and the resulting ϳ0.4-kb fragment containing the T7 promoter and 5Ј-end 387 nt was ligated into pAV-1 from which the T7 promoter and 5Ј-end 355 nt had been removed by digestion with EcoRI; the clone thus obtained is referred to as pAV-FL (see Fig. 1B ). pAV-1 and pAV-FL have the same sequence with two exceptions that the latter has the newly identified 32 nt at the 5Ј end and contains a C-T substitution at nt 12 of the previously published sequence. pAV-1 and pAV-FL have Aichi virus genome sequences of 8248 and 8280 nt, respectively.
In vitro transcription. The full-length cDNA clone and its derivatives were linearized by digestion with HindIII, and RNA transcripts were synthesized with T7 RNA polymerase using a MEGAscript Kit (Ambion, Inc.). After the reaction mixture had been treated with DNase I, RNA was extracted with phenol-chloroform and then precipitated with 2-propanol. The integrity of the synthesized RNAs was confirmed by agarose gel electrophoresis. These transcripts would have two extra guanosine residues preceding the respective 5Ј-end sequences and three extra nucleotides, GCU, which are derived from the HindIII site, at the end of the poly(A) tail (40 A's) (see Fig. 1B ).
Examination of infectivities of AV-FL RNA and the virion RNA and one-step growth analysis. To examine the infectivities of AV-FL RNA and the virion RNA, Vero cell monolayers in 3.5-cm dishes were transfected with serial dilutions of the RNAs using Lipofectin reagent (Life Technologies, Inc.) according to the manufacturer's recommendations. After incubation for 6 h at 37°C, the cells were washed and then overlaid with Eagle minimum essential medium containing 1% agarose and 5% fetal calf serum (FCS). After incubation for 48 h, the cells were stained with neutral red and then, after an additional incubation for 24 h, the plaques were counted. The experiments were repeated three times.
For one-step growth assay, Vero cell monolayers were infected with viruses at a multiplicity of infection of 5, washed at 1 h postinfection, and then incubated at 37°C for 3, 6, 9, 12, and 24 h. Viruses were released by three successive cycles of freezing and thawing, and virus titers in the cultures were determined by plaque assay.
Site-directed mutagenesis of a stem-loop structure at the most 5 end of the Aichi virus genome. An EcoRI fragment of pAV-FL, containing the T7 promoter sequence and the 5Ј-end 384 nt of the genome, was subcloned into the EcoRI site of pUC118. Site-directed mutagenesis was carried out by inverse PCR using this subclone, a high-fidelity DNA polymerase (KOD-Plus [Toyobo, Inc.]), and appropriate oligonucleotide primers. Primer pairs used for construction of mutants and sequences of the primers were as follows: mut1, primers A (5Ј-CGGCCCC CTCACCCTCTTTTCCGGTGGTCT; plus sense) and B (5Ј-AGcgggggCCACC CCCTTTTCAAACCTATAGTGA; minus sense); mut2, primers C (5Ј-CGcggg ggTCACCCTCTTTTCCGGTGGTCT; plus sense) and D (5Ј-AGGCCCCCCC ACCCCCTTTTCAAACCTA; minus sense); mut3, primers C and B; mut4, primers A and E (5Ј-AGGCCCCCagtgggaCTTTTCAAACCTATAGTGAGTC GT; minus sense); mut5, primers F (5Ј-CGGCCCCCggtggggCTTTTCCGGTG GTCTGGTCCCGGA; plus sense) and D; mut6, primers F and E; mut7, primers A and G (5Ј-AGGCCCCCCCACCCCgaaaagAAACCTATAGTGAGTCGT; minus sense); mut8, primers H (5Ј-CGGCCCCCTCACCCTgaaaagCGGTGGT CTGGTCCCGGA; plus sense) and D; mut9, primers H and G; mut10, primers I (5Ј-CGGCCCCCTCAtCtTCTTTTCCGGTGGTCTGGTCCCGGA; plus sense) and D; mut11, primers J (5Ј-CGGCCCCCTCAaCaTCTTTTCCGGTGGTCTG GTCCCGGA; plus sense) and D; mut12, primers K (5Ј-aaGCCCCCTCACCC TCTTTTCCGGTGGTCT; plus sense) and L (5Ј-ttGCCCCCCCACCCCCTTT TCAAACCTA; minus sense), mut13: primers M (5Ј-tttccggagtccctcttggaCGGT GGTCTGGTCCCGGACCA; plus sense) and N (5Ј-ttcccggagacccctcttgaaCCT ATAGTGAGTCGTATTACAATTCAAGG; minus sense); and mut14, primers O (5Ј-CGGCtCtCTCACCCTCTTTTCCGGTGGTCT; plus sense) and P (5Ј-A GaCCCCCCCACCCCCTTTTCAAACCTATA; minus sense). In these sequences, mutated nucleotides are indicated by lowercase letters. PCR products were self-ligated, and the derived clones were subjected to sequencing to confirm the presence of expected mutations and the absence of unexpected mutations. EcoRI fragments of those clones were ligated into pAV-FL from which the EcoRI fragment had been removed, generating various full-length cDNA clones carrying the site-directed mutations in SL-A, the first stem-loop structure at the 5Ј end (see Fig. 4 ).
To investigate the potency of mutant RNAs to produce viable viruses, Vero cell monolayers in a 35-mm dish were transfected with 1 g of RNA using Lipofectin reagent. At 6 h after transfection, cells were washed and then cultured in 2 ml of Eagle minimum essential medium containing 5% FCS at 37°C. After 72 h, cells were disrupted by three freeze-thaw cycles, and the virus titers in these cultures were determined by plaque assay. Dot blot hybridization. In vitro transcripts of 20 g were electroporated into 10 7 Vero cells with a 0.4-cm cuvette at a setting of 980 V and 25 F using a Gene Pulser (Bio-Rad), and then the cells were cultured in four or five 35-mm dishes. At several time points after electroporation, a total RNA was extracted from cells using Trizol Reagent (Life Technologies, Inc.). Each total RNA sample (3 g) was denatured and then blotted onto a nylon membrane (Hybond-Nϩ; Amersham-Pharmacia Biotech). A BamHI fragment of pAV-FL corresponding to nt 4790 to 5253 was subcloned into the same site of pGEM-3Z (Promega), and digoxigenin (DIG)-labeled minus-sense RNA was synthesized from the plasmid with T7 RNA polymerase in the presence of DIG-UTP using a DIG RNA labeling mix (Roche Molecular Biochemicals). The membrane was incubated with the DIG-labeled RNA in hybridization buffer (50% formamide, 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% N-lauroylsarcosine, 0 .02% sodium dodecyl sulfate [SDS], 2% blocking reagent) at 75°C overnight. After hybridization and being washed with 2ϫ SSC containing 0.1% SDS for 15 min twice at room temperature and 0.1ϫ SSC containing 0.1% SDS for 15 min twice at 68°C, the membrane was incubated with anti-DIG alkaline phosphataseconjugated antibody (Roche Molecular Biochemicals), and then chemiluminescent detection was performed using CDP-Star (Amersham Pharmacia Biotech).
Western blotting. Vero cells were electroporated with AV-FL and mut6 RNAs as described above. After 3 and 9 h, cells were scraped, washed with ice-cold phosphate-buffered saline (PBS), and lysed with cell lysis buffer (20 mM TrisHCl [pH 7.4], 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate). The lysates were heated in SDS sample buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 2.5% 2-mercaptoethanol, 0.001% bromophenol blue, 10% glycerol) at 97°C for 4 min, and proteins were electrophoresed on an SDS-10% polyacrylamide gel and transferred onto a polyvinylidene difluoride membrane using a semidry electroblotting apparatus (Trans-Blot SD; Bio-Rad). The membrane was blocked in PBS-T (PBS containing 0.1% Tween 20) containing 5% skim milk for 2 h at room temperature and then incubated in PBS-T containing guinea pig antiserum against Aichi virus particles for 1 h. After being washed with PBS-T, the membrane was incubated with secondary antibody (horseradish peroxidaseconjugated anti-guinea pig immunoglobulin G) for 1 h. The membrane was washed with PBS-T and detection was performed using chemiluminescence reagents (Roche Molecular Biochemicals).
Nucleotide sequence accession number. The complete Aichi virus cDNA sequence in pAV-FL has been submitted to the DDBJ, EMBL, and GenBank databases under accession no. AB040749.
RESULTS
Identification of a novel sequence at the 5 end of the genome. The Aichi virus genome was previously reported to be 8,248 nt long (45) . We first constructed a full-length cDNA clone with the 5Ј-end sequence published previously (pAV-1). However, transcripts derived from this clone did not exhibit any infectivity toward Vero cells. To clarify the reason for this failure, we analyzed the 5Ј end of the genome. We first performed direct sequencing of the virion RNA, and the result showed that approximately 30 nt are present upstream of the previously reported 5Ј terminus of the genome (data not shown), although we failed to obtain accurate sequence data, probably due to the stable secondary structure formation at the 5Ј end of the RNA. Next, 5Ј-RACE was carried out. To identify the most 5Ј-end nucleotide of the genome, the homopolymeric tailing reaction of the first-strand cDNA was performed with dA and dT. Although most of 24 dA-tailed clones had the previously reported 5Ј-end or truncated sequences, 5 clones had a T n GAAAA . . . sequence at the 5Ј end. To determine the number of T residue at the 5Ј end, dT-tailed 12 clones were sequenced. As a result, two clones had a TTTGAAAA . . . sequence at the 5Ј end, and no clone with one, two, or more than three T residues at the 5Ј end was found. Based on the results, we determined the authentic 5Ј-end sequence to be TTTGAAAA . . . . Finally, a GC-rich sequence of 32 nt was newly identified at the 5Ј end of the genome (Fig. 1A) . The number of the newly identified nucleotides was almost consistent with that predicted by direct sequencing of the virion RNA. In the 5Ј end of the genomes of cardio-and parechoviruses, the (T)TTGAAA sequence is conserved, which is followed by the sequence containing four or five G residues (Fig.  1A) , and the Aichi virus genome had also this feature.
Comparison of the nucleotide and deduced amino acid sequences of the full-length cDNA clone with the previously published sequences. Full-length cDNA clone with the novel 5Ј end was constructed and termed pAV-FL (Fig. 1B) . Compared with the nucleotide sequence published previously in the DDBJ, EMBL, and GenBank databases (accession no. AB010145), pAV-FL had 22 nt differences throughout the genome besides the 5Ј-end 32 nt. These differences included ones that cause alterations in the amino acid sequence. The cDNA clone lacked three nucleotides, i.e., the A residues at nt 1333 and 1337 and a T residue at nt 1420 of the previously published sequence. These deletions led to frameshifts and, as a result, the deduced amino acid sequence of pAV-FL had an altered amino acid sequence of 28 residues compared with the previously published sequence (Fig. 2A) . We performed three independent RT-PCR analyses to amplify the cDNA fragment corresponding to nt 1 to 1544 and found the deletion of the 3 nt in all 12 clones sequenced. In addition, we confirmed that the cDNA clone used for sequence determination in the previous study (45) quenced the cDNA clones used for sequence determination in the previous study (45) and confirmed that all of these nucleotides except for nt 44, 173, 1268, 1394, and 1424 were different between pAV-FL and the cDNA clones previously prepared. Therefore, these differences seem to result from mutations that occurred during the several passages of the virus preparation in this laboratory. The differences at nt 955 (in the L-coding region), 1268 (VP0), 3259 (VP1), 4259 (2B), 4796 (2C), 5002 (2C), and 6836 (3D) led to amino acid changes, and nt 1394 and 1424 were located in the region coding for the altered 28 amino acids.
Infectivity of transcripts from pAV-FL toward Vero cells and growth kinetics of AV-FL virus.
To investigate whether transcripts derived from pAV-FL are infectious toward Vero cells, the transcripts and the virion RNA were employed for transfection using Lipofectin reagent, and their plaque formation efficiency was examined. The infectivity of transcripts derived from pAV-FL averaged 5.3 ϫ 10 4 PFU/g of RNA. This infectivity was about 2% of that of the virion RNA, which produced 2.6 ϫ 10 6 PFU/g. When viruses recovered from cells transfected with the virion RNA or transcripts derived from pAV-FL were inoculated into cells, they generated similarsized plaques (Fig. 3A) . To further compare growth characteristics of the parent virus (A846/88) and the virus derived from the transcripts (AV-FL virus), growth kinetics of these viruses were examined. As shown in Fig. 3B , AV-FL virus had the similar growth property to the parent virus.
Site-directed mutagenesis of the stem-loop structure at the most 5 end of the Aichi virus genome. The 5Ј-untranslated region of picornavirus genomes contains two genetic elements (32) . The short 5Ј-terminal element is involved in RNA replication (2, 3), and the longer element is termed the internal ribosome entry site (IRES), which directs cap-independent translation (17, 25) . For the 5Ј-terminal element, two types of secondary structure are known: one is a CL structure found in the entero-and rhinovirus genomes (3, 30) , and the other is the stem-loop structure found in the cardio-, aphtho-, hepato-, and parechovirus genomes (6, 9, 11, 21, 28) . The secondary structure of the 5Ј-terminal 120 nt, including the novel 32 nt of the Aichi virus genome, was predicted using the MFOLD program (22) . The analysis suggested that the 5Ј end of the genome folds into three stem-loop structures (Fig. 4) . The first stemloop structure (termed SL-A) consisting of 42 nt was similar in size to that of HAV.
To examine the functional importance of SL-A at the most 5Ј end of the Aichi virus genome on virus replication, sitedirected mutational analysis was carried out (Fig. 5) . First, single or double mutations to disrupt or restore the predicted structure of SL-A were introduced into the upper (mut1, mut2, and mut3), middle (mut4, mut5, and mut6) and lower (mut7, mut8, and mut9) parts of the stem segment by replacing 6 or 7 nt in each part with their complementary nucleotides. In ad- STEM-LOOP AT 5Ј END OF PICORNAVIRUS GENOME 8025
on October 14, 2017 by guest http://jvi.asm.org/ dition, mut10 and mut11 were constructed by changing C residues at nt 36 and 38 to U and A residues, respectively. The stem structure of mut10 is predicted to be preserved, while that of mut11 would be disrupted. mut12 was constructed to assess the effect of the primary sequence of the loop segment on virus replication. Furthermore, SL-A was replaced with the HAV stem-loop I (6), which is similar to SL-A in size and shape, generating mut13.
To test the effect of mutations on the translation efficiency, in vitro transcription-translation reactions of mutant cDNA clones were carried out in rabbit reticulocyte lysate using a TNT T7 quick-coupled transcription-translation system (Promega). No significant difference in the translation efficiency among AV-FL and its mutants was observed (data not shown).
The ability of these mutant RNAs to produce viable viruses was examined. RNAs were transfected into Vero cells using Lipofectin reagent, and virus titers in the cell cultures at 72 h after transfection were determined by plaque assay (Fig. 5 ). All the mutants in which the stem structure was disrupted (mut1, mut2, mut4, mut5, mut7, mut8, and mut11) lacked the ability to produce viruses. A double mutant (mut3), in which the structure in the upper part is restored, was capable of producing viruses with almost the same efficiency as AV-FL. mut10 containing the mutations to preserve the base-pairing in the middle part also produced viable viruses with high efficiency. These results suggest that the maintenance of the secondary structure is primarily essential for virus replication. The double mutations in the middle and lower parts of the stem eliminated their infectivity (mut6 and mut9), although the mutants maintained the stem structure. This suggests that the primary sequence of the middle and lower parts of the stem-loop structure is also crucial for virus replication. The virus yield of mut12, in which 4 nt in the loop segment were changed, was approximately 30-fold lower than that of AV-FL, and its plaque size was smaller. We confirmed the maintenance of the mutation in the mut12 virus by direct sequencing of a product derived from RT-PCR using a total RNA extracted from mut12 virus-infected cells. An Aichi virus-HAV chimera, in which SL-A was exchanged with the HAV stem-loop I (mut13), exhibited very low infectivity and a small-plaque phenotype. The difference of the primary sequence between the stem-loop structures of the two viruses may lead to the low efficiency of virus replication.
A stem-loop structure was predicted not only at the 5Ј end of the positive strand of the Aichi virus RNA but also at the 3Ј end of its negative strand (Fig. 5) . It is reported that the CL structure of poliovirus is functionally required in the positive strand but not in the negative strand (3). To determine whether the secondary structure formed in the negative strand of the Aichi virus RNA is required for virus replication, we constructed mut14 harboring so-called asymmetric mutations. By changing G-C pairs of the positive strand to G-U pairs the stem segment formed at the 5Ј end of the positive strand is maintained, but that formed at the 3Ј end of the negative strand is disrupted in this mutant (Fig. 5) . mut14 RNA produced viruses as efficiently as AV-FL RNA. Nucleotide changes in mut10 are also asymmetric mutations. SL-A of mut10 is maintained (Fig. 5) , but the middle part of the stem segment of the stem-loop structure at the 3Ј end of the negative strand is disrupted (data not shown). As described above, mut10 produced viruses efficiently. These results suggest that the stem-loop structure at the 5Ј end of the positive strand, not at the 3Ј end of the negative strand, is critical for virus replication.
RNA replication ability of mutants. We next investigated whether the inability or low efficiency of the mutants to produce viruses is due to a defect in RNA replication. Mutant RNAs were transfected into Vero cells by electroporation and dot blot hybridization of total RNAs extracted from cells at 4, 12, 24, and 48 h after transfection was carried out using a DIG-labeled RNA complementary to nt 4790 to 5253 as a probe. As a positive control for detecting viral RNA replication, we constructed a mutant which contains an in-frame deletion spanning from nt 1387 to 1848 within the VP0 coding region (⌬Sma-Sph). This mutant was unable to produce viable viruses. AV-1 that lacks the 5Ј-end 32 nt was also included in the assay. The signals of AV-FL, ⌬Sma-Sph and mutants capable of producing viruses efficiently (mut3, mut10, mut12, and mut14) was readily detected, while RNA replication in AV-1  and mut1, mut2, mut4, mut5, mut7, mut8, mut9, mut11 , and mut13, which exhibited low or no infectivity, was not observed (Fig. 6) . Since ⌬Sma-Sph RNA was detected clearly and definitely, the sensitivity in the present assay is sufficient to detect RNA replication in transfected cells. Thus, these results indicate that the inability or low efficiency of mut1, mut2, mut4, mut5, mut7, mut8, mut9, mut11, and mut13 to produce viruses is due to a defect in RNA replication.
Unexpectedly, efficient RNA replication of mut6, which exhibited no infectivity (Fig. 5 ), was observed (Fig. 6) . A defect of mut6 in the production of viable viruses was further investigated. AV-FL and mut6 RNAs were transfected into Vero cells by electroporation, and plus-strand viral RNA accumulation, synthesis of capsid proteins, and virus titers in transfected cells were examined. Dot blot hybridization using the extracted total RNAs showed that RNA replication in mut6 was as efficient as AV-FL (Fig. 7A) . To examine the synthesis of capsid proteins in cells transfected with AV-FL and mut6, Western blotting using antiserum against purified virus particles was carried out. Cells were lysed at 3 and 9 h after electroporation with AV-FL and mut6. Each lysate was subjected to SDS-10% polyacrylamide gel electrophoresis, and capsid proteins were detected by Western blotting using antiserum raised against purified virus particles. As a control, purified virion was analyzed. Positions of VP0, VP1, and VP3 are indicated on the left. (C) Virus yields in cells electroporated with AV-FL and mut6. At the indicated time points after electroporation, cells were harvested and the virus titer was examined by plaque assay.
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At 9 h after electroporation, synthesis of VP0 and VP1 was clearly detected in cells transfected with mut6 as well as in AV-FL (Fig. 7B) . In contrast, the plaque assay showed that mut6 did not generate viruses even at 24 h after electroporation, while AV-FL RNA produced viruses at 6 h after electroporation (Fig. 7C) . We repeated this experiment by using transcripts derived from two distinct mut6 clones that were constructed independently. The results were the same. This would rule out the possibility of the presence of unexpected mutations in other region of the genome. Thus, these results showed that the compensatory mutation of the both nucleotide stretches in the middle part of the stem did not affect the RNA replication and translation efficiencies but abolished production of viable viruses.
DISCUSSION
In this study, we constructed a full-length cDNA clone of Aichi virus, pAV-FL, and in vitro transcripts from this clone was shown to produce infectious viruses. The efficiency of plaque formation in cells transfected with transcripts derived from pAV-FL was about 50-fold lower than that in cells transfected with the virion RNA. However, since the plaque morphology and growth kinetics of AV-FL virus and the parent virus were similar to each other (Fig. 3) , we considered that we successfully cloned an Aichi virus full-length cDNA. The extra nucleotides GG at the 5Ј end of the transcripts may affect the first cycle of virus replication.
During construction of pAV-FL, we identified a novel sequence of 32 nt at the 5Ј end of the genome (Fig. 1A) . The computer-aided prediction of the 5Ј-end 120 nt of the genome containing the newly identified 32 nt suggested that the sequence folds into three stem-loops (Fig. 4) . The 5Ј end of picornavirus genomes has been reported to maintain two types of secondary structure: one is a CL structure found in the entero-and rhinovirus genomes (3, 30) , and the other is the stem-loop structure found in the cardio-, aphtho-, hepato-, and parechovirus genomes (6, 9, 11, 21, 28) . The CL structure at the 5Ј end of the poliovirus genome is known to be necessary for viral RNA replication (3). On the other hand, the functional importance of the stem-loop found in the cardio-, aphtho-, hepato-, and parechovirus genomes in virus replication has not been sufficiently investigated. In the present study using various site-directed mutants, we examined the importance of SL-A, the most 5Ј-end stem-loop, in virus replication.
Our data indicated that SL-A is an element involved in viral RNA replication. This means that the two different types of structure at the 5Ј end of picornavirus genomes, a stem-loop and a cloverleaf structure, have a common function. As reported in the CL structure of poliovirus (3), proper folding of the secondary structural element at the 5Ј end of the positive strand of Aichi virus RNA, but not that at the 3Ј end of the negative strand, was found to be required for its function. In addition, the primary sequence of the bottom region of SL-A was functionally significant. It is also reported in the poliovirus CL that a compensatory mutation by replacing the both nucleotide stretches of "Stem A," which consist of nt 2 to 8 and 82 to 88 in PV1, with their complementary nucleotides is lethal (3). SL-A could not be functionally substituted by the HAV stem-loop I, which is similar to SL-A in size and shape (mut13). This result would be explained by the sequence difference of the bottom region between the Aichi virus and the HAV stemloops. The effect of an unpaired uridine residue in the middle part of the HAV stem-loop I (Fig. 5) on the infectivity of mut13 remains to be tested.
On the other hand, mutation of the nucleotides in the loop segment of SL-A had only moderate effect on virus replication. Although mut12 had a small-plaque phenotype, it produced viruses with high efficiency (Fig. 5) . In the dot blot hybridization analysis, no significant difference in the RNA replication efficiency was observed between AV-FL and mut12 (Fig. 6) . This is in contrast to the finding that the nucleotide sequences of loop segments of the poliovirus CL structure have significant roles in RNA replication. It is reported that mutations of the sequences of the loop segments in stem-loops B and D of the CL structure, such as nucleotide changes or insertions, abolish interaction with PCBP and 3CD, respectively, and affect RNA replication severely (2, 3, 24, 26) . If some factors involved in viral RNA replication interact with the 5Ј end of the Aichi virus genome, the primary sequence of the loop segment of SL-A may not be a determinant responsible for the recognition by the factors. The 5Ј end of the HAV genome folds into three stem-loop structures. A precursor polypeptide 3ABC of HAV interacts with the second stem-loop, and a more stable RNP complex is formed with the sequence containing the three stem-loop structures (19) . Therefore, although SL-A of Aichi virus is an important structural element for RNA replication, it is possible that a longer sequence containing the three stemloop structures is required for interaction with viral or cellular factors essential for viral RNA replication. Further studies to investigate what viral or cellular proteins interact with the 5Ј end of the Aichi virus genome containing the three stem-loop structures will be needed in order to understand how the 5Ј end of the Aichi virus genome functions as a replication signal.
This study also demonstrated that SL-A plays an essential role in the production of viable viruses at some stage other than viral RNA replication during virus infection. In mut6, which has a double mutation in the middle part of SL-A, RNA replication and protein synthesis occurred efficiently (Fig. 6 and 7A and B), but the mutant was unable to produce viable viruses ( Fig. 5 and 7C ). This result indicates that the primary sequence of the middle part of the stem is not crucial for viral RNA replication but for production of infectious viruses, if SL-A is folded properly. Considering that mut10, in which the downstream nucleotide stretch (nt 33 to 39) of the middle part of the stem was mutated, showed high infectivity (Fig. 5) , nt 10 to 16 may be more important for the production of viable viruses than nt 33 to 39. It is now unknown whether the secondary structure of SL-A as well as the primary sequence of the middle part of the stem has an important role in the production of infectious viruses because disruption of base pairing of the stem abolished RNA replication.
A possible explanation for a defect of mut6 in the production of viable viruses is that mut6 RNA is not encapsidated. During poliovirus infection, since only newly synthesized positive strands are packaged, it is thought that RNA replication and packaging are directly coupled (23) . Specific interactions between capsid proteins and proteins of the viral RNA replication complex occur, and newly synthesized viral RNAs that emerges from the replication complex are encapsidated through interaction between capsid proteins and the viral RNA (23) . According to this model, interaction between capsid proteins and proteins of the RNA replication complex would occur in the case of mut6. The sequence of the middle part of SL-A may be involved in the next step, which is responsible for the initiation of encapsidation of RNA. One possible role of this RNA sequence of SL-A in encapsidation would be to interact with capsid proteins. Since the poliovirus RNA in which the capsid-coding region was replaced with a foreign gene was encapsidated by capsid proteins that were provided in trans by a helper virus (4, 29) , the capsid-coding region is thought not to be involved in the specific encapsidation process. The IRES region of poliovirus (nt 109 to 742) can be substituted by the EMCV IRES without a significant defect in encapsidation, suggesting that the poliovirus IRES also does not contain a signal essential for encapsidation of the poliovirus RNA (1). However, RNA sequences specifically recognized by the capsid proteins have not yet been identified in picornaviruses. The result obtained in this study suggests the possibility that the 5Ј end of picornavirus genomes plays an important role in encapsidation. Alternatively, mut6 RNA can be encapsidated, but the resultant virus particles may not be infectious due to a defect in certain early step of the infection cycle, e.g., an uncoating step. Further studies are required to clarify a role of SL-A in production of infectious viruses.
